The hippocampus may play a role in categorization because of the need to differentiate stimulus categories (pattern separation) and to recognize category membership of stimuli from partial information (pattern completion). We hypothesized that the hippocampus would be more crucial for categorization of low-density (few relevant features) stimuli-due to the higher demand on pattern separation and pattern completion-than for categorization of high-density (many relevant features) stimuli. Using a touchscreen apparatus, rats were trained to categorize multiple abstract stimuli into two different categories. Each stimulus was a pentagonal configuration of five visual features; some of the visual features were relevant for defining the category whereas others were irrelevant.
transfer to novel stimuli, consistent with human perceptual categorization.
Neural mechanisms of perceptual categorization have been incorporated into a computational theory called COVIS (Ashby & Valentin, 2017) . According to COVIS, there are two neural systems for category learning that map onto declarative and procedural (nondeclarative) memory. The declarative memory system is posited to be necessary for category learning based on a single rule or ruled-based (RB) learning, whereas category learning that requires the integration of two or more dimensions or information integration (II) learning is mediated by the procedural memory system. COVIS hypothesizes that RB category learning depends on the prefrontal cortex, hippocampus, and the anterior caudate nucleus; II learning, on the other hand, requires corticostriatal circuitry.
Evidence supporting a role for the hippocampus in RB category learning comes primarily from studies of humans with medial temporal lobe (MTL) amnesia and from studies involving functional imaging.
Humans with MTL amnesia can learn RB categories with a simple rule and II categories, but they have difficulty when the category task is more complicated, where identification of the rule may exceed the capacity of working memory (Ashby & Valentin, 2017) . Humans show differential activation of the hippocampus during RB category learning and in the caudate during II category learning (Nomura et al., 2007) .
Hippocampal activation is also seen in humans performing II tasks when conscious recall is engaged (Seger, Dennison, Lopez-Paniagua, Peterson, & Roark, 2011) .
The hippocampal activation observed in human imaging studies is consistent with the activity of single CA1 and CA3 neurons in monkeys performing a delayed matching-to-sample task (Hampson, Pons, Stanford, & Deadwyler, 2004) , which can be characterized as a RB task.
Hippocampal neurons showed incidental category responding to perceptually similar stimuli used in the task. When probe trials were given with altered versions of the stimuli, individual monkeys differed in the altered stimuli to which they responded and so too did hippocampal neurons. The findings of the human imaging and monkey neurophysiology studies support the hypothesis of COVIS that the hippocampus plays a role in perceptual categorization with visual stimuli, especially under conditions that require explicit rule learning.
The discrimination and generalization mechanisms involved in categorization can be related to pattern separation and pattern completion mechanisms within the hippocampus (Rolls, 2016) . Discrimination in category learning requires the development of distinct representations, which could be facilitated by pattern separation, especially when the exemplars of categories have overlapping features. Generalization to novel exemplars usually necessitates the retrieval of category-defining information based on partial input. Moreover, the ability to use pattern completion in categorization tasks obviates the need to remember each individual stimulus.
Numerous studies indicate that pattern separation is initially mediated by the dentate gyrus (DG) (Rolls, 2016) . Selective lesions or blockade of neurogenesis in the DG produce impairments in tasks requiring discrimination between relatively similar stimuli or events (Gilbert, Kes- ner, & Lee, 2001; Hunsaker, Rosenberg, & Kesner, 2008; Morris, Churchwell, Kesner, & Gilbert, 2012) . Pattern completion requires the CA3 region of the hippocampus, with lesions impairing memory based on partial input during retrieval (Gold & Kesner, 2005; . Neurophsyiological recordings from the DG show distinctive coding and sensitivity to changes in perceptual input, whereas neurons in CA3 are relatively insensitive to changes in sensory input and to degraded input from the DG for spatial representations (Guzowski, Knierim, & Moser, 2004; Leutgeb, Leutgeb, Moser, & Moser, 2007; Leutgeb et al., 2005; Neunuebel & Knierim, 2014) . These findings suggest that both category learning and category generalization should depend on the hippocampus (Rolls, 2016) . However, selective lesions or reversible inactivations have not yet been deployed to demonstrate a causal role of hippocampal processing in visual categorization.
The current study examined the role of the hippocampus in visual categorization by rats using reversible inactivation with muscimol. Rats were trained in a touchscreen apparatus to discriminate two categories of stimuli with five features that were manipulated to alter category structure and to test the nature of the category representation. A prior study in human categorization reported that category structure may determine which mechanisms are used to learn categories (Kloos & Sloutsky, 2008) : Different learning mechanisms were engaged depending on whether the category structure contained many (i.e., dense) or few (i.e., sparse) category relevant features. Here, we examined whether category density played a role in determining whether the hippocampus is crucial for categorization by rodents.
Different groups of rats were therefore trained with either dense or sparse categories. The dense categories had three category-relevant features and two irrelevant features. The sparse categories had one category-relevant feature and four irrelevant features. Our hypothesis was that the hippocampus would be more crucial for categorization with sparse stimuli because there are fewer relevant features to help distinguish categories, placing a heavier load on pattern separation. Moreover, fewer category-relevant features should place a higher load on pattern completion as well, when rats are presented with novel test stimuli. After the rats reached a discrimination criterion, several test sessions were given with muscimol or vehicle infusions into the dorsal hippocampus. Test trials included novel exemplars of the categories, rearranged stimuli where some of the relevant and irrelevant features changed spatial locations, and presentations of a single relevant feature in a novel spatial location within the stimulus area. The findings that we report indicate that the dorsal hippocampus is crucial for categorization of both dense and sparse categories.
| M A TER I A LS A N D M ETH OD S

| Animals
Subjects were 27 male Long-Evans rats (300-350 g); 16 rats were randomly assigned to either the dense or the sparse groups (n 5 8 per group) and the remaining 11 rats were trained and tested with a control discrimination task. All rats were individually housed in standard rodent cages on a 12 h light/dark cycle. All training and testing sessions were conducted during the light phase. Rats were food-restricted to a minimum of 85% free-feeding weight and water was available ad libitum. The Institutional Animal Care and Use Committee at the University of Iowa approved all procedures. FIG URE 1 Visual category stimuli, task design, and sample trial sequence. (a) Visual features were used as either category-relevant or category-irrelevant features. Category-relevant features defined each category, whereas category-irrelevant features appeared in both sets of exemplars (12 for each category). Across category-feature density conditions (dense or sparse), three or one category-relevant feature(s) appeared with two or four category-irrelevant features, respectively. Occurrences of the category-irrelevant features were controlled and counterbalanced. (b) Each trial began with the white star in the center of the screen (Trial start). After a single touch, a category cue stimulus appeared on the screen and the rat had to touch it three times (cueing phase) to initiate the choice phase. Touch coordinates on the cue category stimuli were recorded for later analyses. During the choice phase, the category cue stimulus appeared on both left and right sides of the screen and the rat was required to touch one of them for food reward depending on which category cue was given (e.g., left for category A and right for category B, counterbalanced across the rats). A reward was delivered to the food tray on correct trials and a penalty ITI (10-15 s) was given on error trials (reward/penalty phase). Before the rat reached the learning criterion for testing, corrections were given for every error trial in which the trial repeated from the cueing phase until the rat selected the correct choice. After a 3 s ITI, the next trial started was placed on the floor. An aluminum food tray (6.5 [w] (Brainard, 1997; Pelli, 1997) Each category stimulus was composed of five visual feature holders (VFHs). The five VFHs formed a pentagon shape on top of the 238 3 238 pixel square space. In each VFH, either category-relevant or category-irrelevant features appeared, depending on the training and testing conditions. In terms of category density, the category feature appeared in either three (dense) or one (sparse) of the five VFHs. In the dense condition, the top, top-right, and bottom-left VFHs were used for category-relevant feature presentations. In the sparse condition, only the top VFH was used for the category-relevant feature presentation. A grating of vertical black and white stripes and a triangular arrangement of three white circles were used as the category-relevant features ( Figure 1a ). Other visually distinctive geometrical patterns were presented as category-irrelevant features; they were presented with the same probability in both categories. The combinations of category-relevant and category-irrelevant features resulted in a total of 12 exemplars in each category, in both category density groups ( Figure   1a and Supporting Information Figure 1a) . The frequency of all visual features' appearance during the experiment was controlled and counterbalanced within subjects as well as between subjects.
| Handling/shaping
Specific handling and shaping procedures were described in a previous publication (Kim, Wasserman, Castro, & Freeman, 2016) . Briefly, all rats were individually handled daily under food restriction after a 1-week acclimation period. The rats were then encouraged to forage for rodent food pellets (45-mg; MLab Rodent Tablet 45 mg, TestDiet Inc., IN) and the session repeated daily until all the pellets (n 5 20) were consumed within 10 min, on 2 consecutive days (7-10 days).
After handling, each rat was placed into a training chamber (Kim et al., 2016 ; see below for details about the apparatus and visual stimuli) for shaping. Each shaping trial started with the presentation of a star stimulus in the center of the screen. By touching the star stimulus, a white reward stimulus box appeared on either the left or right side of the screen. Touching the reward stimulus delivered a single pellet into the food tray. A total of 60 trials were given daily until all of the trials were finished in 25 min, on 2 consecutive days (7-14 days). [3] ). Every trial was initiated by touching the star stimulus which appeared in the center of the screen. Rats were thus able to initiate each trial in a self-paced manner. By touching the star stimulus, one category exemplar was presented in the center of the screen as a category cue for the given trial (cueing-phase). Rats were trained to touch the category cue three times because the multiple-touch requirement on the cue stimulus forces the rat to explore the visual stimuli and allows for tracking the location of responses within the stimulus prior to the choice phase (Kim et al., 2016) . After three touches on the cue, the category exemplar appeared on both the left and right sides of the screen (choice-phase), separated by a large gap (390 pixels). Rats had to choose one of those stimuli, depending on which category cue was given (e.g., left for category A and right for category B, counterbalanced across the rats). If the correct choice stimulus was selected, then a white reward box appeared on the correct side. By touching the reward box, rats could retrieve a food reward from the food tray. The next trial was presented after an ITI of 3 s. If rats made an incorrect choice, then a longer ITI was given (10-15 s) and the same trial was repeated from the cueing-phase until they made the correct choice. Correction trials were not included in the calculation of accuracy.
| Visual category training
This training procedure continued until rats reached the learning criterion (75% in both category conditions on 2 consecutive days).
After rats reached the learning criterion, training trials continued without correction; every error trial proceeded to the next trial without food reward (Figure 1b ). Once rats reached the same criterion, now without correction, bilateral cannulae were implanted in the dorsal hippocampus. After 1 week of recovery, training resumed and continued until the rats again reached the same learning criterion. The rats were then given testing sessions with muscimol or vehicle infusions on different testing days. On the other hand, if the rats used more complex information such as associating the relevant feature with its spatial location, then performance would be impaired. As in Testing Session 1, there were 60 trials with trained category stimuli. Testing Session 1 was repeated twice per infusion type (i.e., PBS or muscimol), so a total of four sessions of data was available for analysis. Testing Session 2 was repeated four times per infusion type because the relocation condition needed more trials for proper counterbalancing. On all testing trials-novel, relocation, and singleton-rats received pellet reinforcement no matter which choice response they made.
| Visual category testing
| Simple visual discrimination task (control task)
Because the categorization task involved mapping categories onto spatial locations (left vs. right), it is possible that the hippocampus is necessary for performing the task, regardless of whether categories are learned or not. To confirm that any effects of dorsal hippocampal inactivation were specific to the category discrimination, a control group of rats was tested with a control task in which a single stimulus was 
| Touch recording and analyses
The details of the touch recording procedures were described in a previous publication (Kim et al., 2016) . Briefly, an infrared touchscreen (1,024 3 769 pixels resolution; Elo Touch Solutions Inc., Menlo Park, CA) in front of the LCD monitor recorded all touches during the session. The initial breakage of the infrared field was regarded as a touch.
Rats were allowed to touch any location on the touchscreen, but only touches within the specific areas of interest (i.e., the areas in which the visual stimuli appeared) counted for transitions between trial phases and were stored for the later use.
Touch coordinates were analyzed in each category condition, across training and testing sessions. The coordinates of the three touches during the cueing-phase were analyzed for anticipatory touches toward the upcoming rewarded response location (left vs. right). The average x-coordinates of touches on the cue stimulus for categories A and B were computed. Then the average values of each category condition were subtracted by the average x-coordinates from all trials. The difference between the values from each category was defined as touch separation. The purpose of this measure was to examine whether the touches in each category deviated from the center and whether the touches moved toward the upcoming reward locations as rats learned the visual categorization task; if so, then we would have an additional measure of category discrimination, at the very beginning of the trial, before the required category choice had to be made.
Touch patterns were further analyzed using a support vector machine (SVM) classifier. Touch patterns in each category were used to train an SVM classifier across the training sessions (Kernel type 5 Gaussian Radial Basis Function). Then, SVM performance on classifying touches into categories was evaluated with leave-one-out cross-validation (Stone, 1974) .
| Surgery
Two guide cannulae (26G, 5 mm long; Plastics One, Roanoke, VA) coupled with stylets (1-mm protrusion from the tip of the guide cannula) were bilaterally implanted targeting the dorsal hippocampus.
Under isoflurane (1-4%) anesthesia, the skull was drilled for cannula insertion (surgery coordinates: AP bregma -3.8 mm, ML 6 2.5) and the cannulae were positioned DV-3.2 mm below skull surface. The cannulae were secured to the skull by bone cement (Zimmer, Warsaw, IN) and micro screws. The rats were given post-operative analgesics for 48 h and recovered for at least 7 days before re-training.
| Drug infusion procedure
The general infusion procedure was described in a previous publication (Kim et al., 2016) . The rats were briefly anesthetized with isoflurane and the stylet was replaced by the infusion needle (30G; 1-mm protrusion from the tip of the guide cannula). The infusion needle was connected to a 10-mL of gas-tight syringe (Hamilton, Reno, NV) via polyethylene tubing (PE50; 110-120 cm). The injection was controlled by a micro-infusion pump (Harvard Apparatus, Holliston, MA). A quantity of 0.3 mL of either PBS (pH 7.4) or muscimol (2.0 mM, pH 7.4) was infused per injection site over 2 min, at a rate of 8.0 mL/h. All test sessions started 30 min after the infusion and a 1-day break was given after each infusion session to minimize residual drug effects and tolerance.
| Histology
Cannula positions were histologically verified after the rats finished all behavioral tests. The rats were deeply anesthetized with sodium pentobarbital and then perfused with 300 mL PBS and 300 mL 10% formalin. Brains were stored in 10% formalin and 30% sucrose at 4 8C for 2-3 days before sectioning. Coronal sections (50 mm) of the brain were collected using a sliding microtome (Thermo Fisher Scientific, Waltham, MA) for later thionin staining (Sigma-Aldrich, St. Louis, MO). The diffusion range of the drug was also histologically verified using fluorescent muscimol (BODIOY TMR-X Muscimol; Molecular Probes, Eugene, OR).
The same amount (0.3 mL per injection site; 2.0 mM) was infused 30 FIG URE 2 Visual categorization learning in individual rats from the dense and sparse groups. (a) Accuracy increased in rats from both categoryfeature density groups as training proceeded. Rats with similar numbers of training sessions to reach criterion were selected for comparison in this figure. Accuracy deviated from the chance level (dotted lines) after 1 or 2 weeks of training for rats in both groups. Later, however, rats in the dense group reached the learning criterion (solid lines) earlier than the sparse rats. (b) Touch patterns on the cue category stimuli across training. Rats were trained to touch the cue category stimuli three times to move on to the next phases in the trial sequence. The trial-averaged coordinates of touch patterns were plotted by category condition (left-arrow for Category A and right-arrow for Category B) across the very first, middle, and last sessions. Touch patterns were also used to train an SVM classifier across training. Solid curved lines represent hyperplanes generated by the SVM classifier. The numbers on top of each pattern denote accuracy during the specified training sessions. Touches for Category A became more separable from Category B as learning proceeded in both rats. The hyperplanes enhanced the clarity of these separations. (c) Touch coordinates for Categories A and B diverged across training. The visual patterns from B were quantified and plotted across the training sessions. During initial learning, touches were occasionally mapped in opposite directions or gathered around the chance level (vertical dotted lines). As rats learned the task, however, the x-coordinates from each category progressively diverged min before the perfusion. The unstained sections were examined under a red fluorescent filter. It is important to note that the molecular weight of fluorescent muscimol is heavier than the muscimol used for test sessions (Allen et al., 2008) , so the diffusion range may be underestimated in Figure 4 .
| Statistical analyses
Choice accuracy, touch separation, and SVM classifier performance were the main dependent variables of the current study. Univariate 3 | RE S U L TS 3.1 | Success rate and learning rate for visual category learning Rats were trained on the visual categorization task until they passed the learning criterion (75% in both category conditions on 2 consecutive days without correction trials). Most rats in both groups were able The results indicate that category-feature density was a significant factor for the success rate.
| Visual category learning and touch pattern segregation by category
In addition to accuracy across training sessions, we recorded the rats' touch patterns on the category cue stimuli. A previous study showed that rats trained in this type of discrimination task begin to touch the side of the cue stimulus that would be correct during the upcoming choice phase (Kim et al., 2016) . Touch location is therefore a useful index of prospective coding of the response location associated with reward. We quantified touch separation by computing the normalized xcoordinates of the touches of these rats per training session. The mean x-coordinates for each trial from both category conditions were subtracted from the mean x-coordinates on all trials. Then, the normalized x-coordinates for the two categories were plotted across training sessions (Figure 2c ). During the initial training sessions, in which accuracy was at around chance level (Figure 2a) , touches for each category were scattered evenly across the cue stimulus. As accuracy increased, however, touches by category became increasingly separable and this separation continued until the end of training.
We examined whether the same patterns were observable at the population level (Figure 3) . Touch separation between category conditions and accuracy were the variables for the scatterplots. If the data at the individual level still held at the population level, then there should be a statistically significant relationship between touch separation and accuracy. In both groups, there were strong linear relationships between touch separation and accuracy (rs > .84, ps < .001); the higher the accuracy, the greater the touch separation. The results indicate that touch separation was a solid behavioral index of category learning in the current paradigm; the touch separation by category also indicates that rats developed clear anticipatory responding toward the upcoming reward location (Figure 2c ).
| Touch separation on cue stimuli by categoryfeature density
We examined whether the amount of the touch separation on the cue stimulus differed between groups because the degree of the touch separation may reflect differences in the difficulty of the discrimination.
The results showed that the touch separation in the dense group was about 19.20 pixels and about 25.49 pixels in the sparse group. Nevertheless, an independent-samples t-test showed that the degree of touch separation did not differ between groups (t(12) < 1, n.s.) (Figure 3b ).
Next, we examined how touch separation emerged across training in both dense and sparse groups. The training data sets were divided into three accuracy levels (<65%, between 65 and 75%, and >75%).
Touch separation was calculated at each accuracy level and plotted by group. As shown in Figure 3 , in both groups, there was more touch separation as choice accuracy increased; however, no group differences were observed. Statistical tests confirmed this conclusion by showing a significant main effect of accuracy level (F (2, 24) 5 63.99, p < .001).
However, neither the main effect of group (F (1, 12) 5 1.36, p 5 .27) nor the interaction between group and accuracy level were significant (F (2, 24) < 1, n.s.). Subsequent post hoc comparisons confirmed that touch separation significantly increased across accuracy levels (ps < .001) similarly in both groups (Figure 3c ).
Recall that the number of training sessions differed between groups, because the sparse group learned more slowly than the dense group. We therefore conducted additional analyses to determine whether the group difference in touch separation could be accounted for by the difference in the number of training sessions. Correlations between touch separation and the number of training sessions were not significant for the dense group, the sparse group, or when the two groups were combined. These analyses indicate that the group difference in touch separation cannot be accounted for by differences in the number of training sessions.
| Category prediction across touches 1-3 on cue stimuli
We examined whether the touch divergence on the cue stimuli increased from Touch 1 (T1) to Touch 3 (T3). Touch separation for each touch on the cue stimulus was computed. The results showed that T1 was not separable by category for either group. From the T2 to T3, however, touches became more and more separable. Again, the separation was similar across category density groups. Statistical tests confirmed these observations by showing a main effect of touch order (F (2, 24) 5 53.64, p < .001).
Neither group (F (1, 12) 5 1.08, p 5 .32) nor the interaction of the two factors (F (2, 24) 5 1.379, p 5 .27) was statistically significant. Post hoc comparisons showed that T2 and T3 involved greater spatial separation than T1 in both groups (ps < .001) (Supporting Information Figure 2a) .
We also calculated an SVM classifier performance on single touches. If the category information from touches were homogeneously distributed, then the classifier would perform similarly with any touch in partitioning the touches into two categories. The results showed that the SVM classifier performed better with later touches.
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The statistical tests revealed a reliable main effect of touch order (F (2, 24) 5 79.03, p < .001). Both group and the interaction between touch order and group were not statistically significant (Fs < 1, n.s.).
Post hoc tests showed that the SVM classifier performed better with the later touches (ps < .01). (Supporting Information Figure 2b ).
We also examined the relationship between SVM classifier performance and accuracy across touches. The results showed that classifier performance with all three touches was strongly correlated with accuracy in both groups (rs > .7, ps < .001). However, when the classifier was trained and tested with the first touch only, the correlation was not significant in either group (rs < .1, ps > .67). From the second to the third touch, the correlation became statistically significant (rs > .45, ps < .05) (Supporting Information Figure 3) . The overall results indicate that the degree of touch separation reflected category learning. However, these touches on the cue stimuli were quantitatively as well as qualitatively different from each other; the later touches were more strongly anticipatory of the location that would later be associated with reward than the earlier ones (see also Kim et al., 2016) .
| Cannula placements and drug diffusion
Once rats reached the criterion (n 5 8/8 for the dense group and n 5 6/8 for the sparse group), cannulae were implanted bilaterally into the dorsal hippocampus. The placement of cannula tips into the target areas is illustrated in Figure 4 . The cannula tip locations were found between 3.2 and 3.5 mm posterior to bregma, 2.2-2.5 mm lateral to midline, and 3.1-3.3 mm ventral to the skull surface. We verified that all infusion cannula tips were placed within the target loci. In addition, the fluorescent images showed that the drug infusions were well localized within the dorsal hippocampus.
| Dorsal hippocampal inactivation effects on visual categorization and generalization to novel exemplars
At least one full week following surgery, rats were re-trained until they again reached the learning criterion. Testing sessions then The degree of touch separation for retrieval and generalization was additionally examined across drug conditions. When PBS was infused into the dorsal hippocampus, touch separation in both trained and novel conditions was as high as the pre-infusion training level.
However, once the dorsal hippocampus was inactivated, the degree of touch separation dropped to chance level, regardless of the test condition (Figure 5b) . A three-way ANOVA revealed a main effect of drug (F (1, 12) 5 43.16, p < .001). The main effects of group and test condition and the interaction were not statistically significant (Fs < 2.69, ps > .13).
Overall, results from Testing Session 1 showed that rats could generalize their discriminative performance to exemplars in which categoryirrelevant features were replaced with novel features, regardless of their having being trained with dense or sparse categories. However, once the dorsal hippocampus was inactivated, rats in both groups 3.7 | Category-feature density and generalization to relocated and singleton category features
Testing Session 1 showed that rats robustly generalized discriminative responding when category-irrelevant features were changed. In Testing
Session 2, we further tested generalization when both categoryrelevant and category-irrelevant features were relocated within the stimulus space (relocation; Supporting Information Figure 1c) . The positions of two category-relevant features were relocated with categoryirrelevant features in the dense group; the one category-relevant feature was placed in one of the remaining four locations in the sparse group. Relocation stimuli were used to determine whether the spatial configuration of the relevant or irrelevant stimulus features had been encoded during categorization of the training stimuli. We also examined whether rats solved the current task as a visual cueing or categorization task by presenting only one category-relevant feature in the   FIG URE 5 Hippocampal dependency of retention and generalization in visual categorization. (a and b) Accuracy and touch separation during retention testing for the trained category stimuli as well as during generalization to novel stimuli in Testing Session 1. Both category-feature density groups were tested following either PBS or muscimol infusions into the dorsal hippocampus. With PBS infusions, performance was intact in both trained and novel conditions, regardless of category-feature density. However, both measures were significantly impaired in both groups during muscimol inactivation. Error bars indicate the standard error Muscimol infusions again impaired performance during all three testing conditions. With PBS infusions, the dense group showed slightly impaired performance when the category-relevant features were relocated or when a single relevant feature appeared. The sparse group, by contrast, showed a substantial drop in accuracy during relocation and singleton trials. Muscimol infusions into the dorsal hippocampus resulted in chance performance in all testing conditions. Note that the sparse group had a floor effect for relocation and singleton trials, precluding assessment of hippocampal inactivation in these groups. Error bars indicate the standard error
center of the screen (singleton; Supporting Information Figure 1c) . If rats performed the task by simply paying attention to the categoryrelevant feature, then performance in the singleton condition should be equal to or higher than the trained condition because there were no distractors. However, if rats' categorization behavior was based on the configuration of features, then their performance should be impaired in the singleton condition.
Accuracy in the testing conditions was plotted in both categoryfeature density groups across infusion sessions (Figure 6a ). With vehicle infusions, rats in both groups performed well with the training stimuli (>80% accuracy). In the relocation condition, however, accuracy was impaired in both groups, but to different degrees; the impairment was mild in the dense group, but severe in the sparse group. Both groups were equivalently impaired during singleton trials. During inactivation of the dorsal hippocampus, rats in both groups were similarly impaired in all testing conditions; accuracy dropped to near chance level (<60%). These results again indicate that the current visual categorization task is critically dependent on the dorsal hippocampus.
A three-way ANOVA (drug 3 testing condition 3 group) found a main effect of drug (F (1, 12) 5 12.42, p < .01). The impairment with the relocation and singleton stimuli compared to the trained stimuli in both groups was indicated by a main effect of testing condition (F (2, 24) 5 5.75, p < 0.01). In addition, the smaller impairment in the testing conditions for the dense group than the sparse group during PBS infusions was supported by a three-way interaction (F (2, 24) 5 3.70, p < .05).
Post hoc pairwise comparisons showed that, with PBS infusions, the dense group performed better with the relocation stimuli than the sparse group (p < .001). None of the other comparisons between the groups was statistically significant (ps > .21). Within the dense group with PBS infusions, accuracy for the trained stimuli was similar to accuracy for the relocation stimuli (p 5 .09), whereas the difference with the singleton stimuli was significant (p < .05). The comparison between the relocation and singleton stimuli was not significant (p 5 .95). Within the sparse group, accuracy for the trained stimuli was significantly higher than accuracy for both the relocation and singleton stimuli (p < .001). Accuracy for the relocation stimuli was not statistically different from accuracy for the singleton stimuli (p 5 .16).
The touch separation results also showed a severe impairment due to dorsal hippocampal inactivation (Figure 6b ). In both category-feature density groups, a high degree of touch separation following PBS infusions decreased to chance level with dorsal hippocampal inactivation.
Also, in both groups, there was a trend for touch separation to decrease from the trained to the relocation and the singleton stimuli. A three-way ANOVA disclosed that only the main effect of the drug was statistically significant (F (1, 11) 5 19.33, p < .01). All of the other main effects (testing condition, F (2, 22) 5 1.08, p 5 .36; group, F (1, 11) < 1, n.s.) and the interaction (Fs < 1, n.s.) failed to attain statistical significance.
These results reveal the crucial role of the hippocampus in the cur- Thus, the most parsimonious interpretation of the testing results from the current study is that accuracy dropped during presentations of the singleton stimulus primarily because the other features were removed.
| Dorsal hippocampal inactivation and noncategory visual discrimination
To demonstrate that the dorsal hippocampus was specifically involved in the categorization process, other rats (n 5 11) were trained and tested with a simple visual discrimination task. All experimental procedures were the same as in the visual categorization task, except that the category stimuli were replaced with dark and bright patches. Once rats reached criterion (M 5 6.73 days; range: 5-10 days), they were tested under either PBS or muscimol infusions into the dorsal hippocampus on different testing days. The results showed that both accuracy and touch separation remained high and similar between infusion conditions. Accuracy was higher than 90% and touch separation was higher than 30 px in both conditions, with and without the drug ( Figure   7 ). Paired-samples t-test confirmed these observations by showing no significant difference (ts > 2.06, ps > .06). Although the slight drop in accuracy was nearly significant, the magnitude of the decrease was substantially lower than with the category stimuli. These results 
| Touch location on the category cue stimuli predicts later choice behavior
The current visual categorization task required rats to touch the cue stimulus three times before making a left or right choice to receive food reward. This procedure facilitates learning of visual tasks in rats by forcing them to focus attention on the category stimulus (Brooks et al., 2013; Kim et al., 2016) . Early in learning, touches on the cue category stimuli were distributed randomly across the stimulus. However, as accuracy increased, touches on the cue stimulus moved toward the correct location (Figure 2b,c) . These anticipatory touches were highly correlated with later choice accuracy (Figure 3) . However, the three touches were not equal in terms of category anticipation. The very first touch was rarely category predictive. Touches 2 and 3 showed far greater separation as well as higher SVM performance (Supporting Information Figures 1 and 2) . The fact that rats increasingly touched lateral areas of the central cue stimulus as they learned the task suggests that retrieval of the category membership of the cue stimulus was reflected in touch patterns. Touches on the cue stimulus that are proximal to the location associated with upcoming reward also suggests prospective coding of the expected location associated with reward.
4.2 | Decrements in accuracy and touch separation during relocation and singleton trials suggest arbitrary feature-location mapping within categories
The drop in accuracy during relocation and singleton test trials indicates that the rats did not learn the task by applying the simplest possible rules, for example, "go left when the vertical lines are presented." Instead, the rats developed a feature-location mapping for the relevant features. This type of arbitrary association could be mediated by the CA3 autoassociative network (Rolls, 2016) . The autoassociative network could automatically encode the relative location of the relevant feature(s), even though such spatial information is not necessary for solving the task. These arbitrary feature-location associations seemed to be particularly crucial for rats trained with sparse stimuli.
Rats in this group showed chance level accuracy on relocation and singleton test trials. The feature-location association may be particularly crucial for the sparse group because only one feature is relevant.
Movement from its expected location therefore produced a larger change in the stimulus than in the dense group, where there is greater redundancy in the relevant features as they appear in three locations (not just one location) during training. Additional behavioral analysis is necessary to probe differences in the nature of category representations as a function of differences in category structure.
| Hippocampal inactivation impaired categorization, not general task performance
The categorization task used in this study and in a previous study (Brooks et al., 2013) required the rats to map category membership onto a spatial location on the touchscreen (left or right). It is well documented that the hippocampus plays a crucial role in spatial memory (Buzsaki & Moser, 2013; O'Keefe & Dostrovsky, 1971; O'Keefe, Nadel, Keightley, & Kill, 1975) . It is possible, therefore, that the impairment in our categorization task with hippocampal inactivation could be caused by a deficit in the ability to perform the stimulus-location mapping necessary for solving the task. However, rats given hippocampal inactivation were not significantly impaired on a discrimination task that required single stimulus-location mapping, indicating that the impairment during testing may be related to difficulty in some key aspect of categorization.
A limitation of the control discrimination task is that the stimuli were less complex than the stimuli in the categorization tasks, raising the possibility that the impairment in categorization following hippocampal inactivation was caused by a deficit in discriminating complex stimuli. It is unlikely, however, that stimulus complexity alone fully explains the effects of hippocampal inactivation on the current categorization tasks. The sparse task is more complex and difficult than the dense task, and yet both tasks were severely impaired by hippocampal inactivation. If stimulus complexity or task difficulty was the primary factor we would expect a less severe deficit in the dense category group for the training stimuli, but this did not occur, in two rounds of testing.
| Hippocampal inactivation may impair categorization by affecting pattern completion and pattern separation
Hippocampal inactivation impaired accuracy and touch separation for both the dense and sparse groups in all of the test conditions (training 
| Hippocampal inactivation effects on categorization: Memory or perception?
Although we have interpreted our findings in terms of memory mechanisms, it is important to note that the deficits following hippocampal inactivation in the current study could also be affected by impaired perception. Numerous studies support the hypothesis that the hippocampus is crucial for high-level visual perception (Baxter, 2009; Kent, Hvoslef-Eide, Saksida, & Bussey, 2016; Lee, Yeung, & Barense, 2012; Murray, Bussey, & Saksida, 2007; Zeidman & Maguire, 2016) . Similar representations might be necessary for categorizing the stimuli in the current tasks because the category features are associated with particular spatial locations. The visual stimuli presented to humans and monkeys in studies of hippocampal perception mechanisms are more complex than the stimuli used in the current study, but the rat visual system might use similar perceptual mechanisms for less complex stimuli.
| C ONC LUSI ON S
The current study documents a crucial role for the dorsal hippocampus in rat visual categorization. Previous neurophysiological and neuroimaging studies have demonstrated correlates of categorization, but the current study is the first to demonstrate the necessity of the dorsal hippocampus in visual categorization. Our findings also indicate that the hippocampus is crucial for visual categorization with both dense and sparse category structures (Kloos & Sloutsky, 2008) . We hypothesize that hippocampus-mediated pattern separation and pattern completion are both necessary for visual categorization by orthogonalizing perceptual categories with overlapping stimulus features and by retrieving category membership for stimuli with altered features, respectively. Future studies will test this hypothesis by manipulating category stimulus features to specifically tax pattern separation and pattern completion both with and without CA3 inactivation. Our visual categorization task might also be useful for examining the nature of hippocampal ensemble representations of categories with various degrees of overlapping features.
